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ABSTRACT
A multiscale electro-optical device model is employed to investigate free energy and other losses in a silicon heterojunction (SHJ)

solar cell. A finite element method-based device model is coupled with free energy loss analysis (FELA) to calculate detailed bias

voltage-dependent losses in terms of mAcm− 2 and mWcm− 2. Such an approach provides insight into identifying possible path-

ways for synergetic optimization and redesigning a solar cell device in both laboratory andmass production settings. The SHJ solar

cell investigated in this work demonstrates that the hole-selective contact (HSC) is responsible for a significant portion of the free

energy loss. At maximum power point, a power density of ~1.6 mWcm−2 at 1 sun is lost associated with carrier transport in HSC

and recombination at both selective contacts. This results in a 1.6% absolute loss in power conversion efficiency (PCE). Auger

recombination in the wafer limits the open-circuit voltage. The FELA suggests a pathway for synergistic optimization of the device

to regain a significant portion of the ~2.6% absolute loss in PCE. Simultaneously adjusting the conductivity of a-Si layers in HSC

and the concentration of free majority carriers in the wafer can improve the fill factor (FF) to ~87% and PCE close to 26%.

1 | Introduction

The solar spectrum arriving at the earth’s surface varies mainly
due to atmospheric effects, local conditions, latitude, and seasons.
The green–shaded curve in Figure 1 shows the global standard
solar spectrum (AM1.5g) at the earth’s surface [1]. It represents
the solar irradiance at the earth’s surface, including direct and dif-
fuse radiation. TheAM1.5g spectrum is used as a standard reference
spectrum for comparing the performance of solar cells. The blue-
shaded region in Figure 1 represents the actual absorption spectrum
of a 24.5% efficient front- and back-contact (FBC) silicon hetero-
junction (SHJ) solar cell from our institute [2]. This back junction
(BJ) solar cell is certified by the Institute for Solar Energy Research
in Hamelin (ISFH). It is used for the study in this work.

Integrating the spectral irradiances of the shaded curves in
Figure 1, a total power density of �1.3× 103 Wm− 2 is calculated
for AM0 and �1.0× 103 Wm− 2 for AM1.5g. Assuming a unity
quantum yield, for each spectral photon, the maximum theoreti-
cal photocurrents are Jph, AM0 ≈ 98.45 mAcm−2 for AM0 and
Jph, AM1.5g ≈ 68.75 mAcm−2 for AM1.5g. Hence, calculating
the total photon flux of the standard AM1.5g spectral irradiance
arriving at the earth’s surface, the overall spectrum yields a
potential total current density of 68.75 mAcm−2. The wavelength
range of 280 nm to 1200 nm is the active absorption range of
silicon, the active absorber material in conventional solar cells.
The total potential photocurrent density in this spectral range
is ~46.3 mAcm−2. Adequately designed solar cell devices are
reported to produce a short-circuit current density above 86%
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for silicon single junction silicon solar cells [4, 5] and above
90% for silicon-based tandem solar cells of the 46.3 mAcm− 2 limit
[6, 7]. However, these theoretical electric current density limits
are impossible to reach due to the inevitable losses with any prac-
tical device, yet it can be further designed to fine-tune it to get
closer. Furthermore, transporting charge carriers introduces
other parasitic energy losses in an actual device. In this work,
we used a multiscale model of SHJ solar cells, incorporating
detailed materials parameters and physical models, to estimate
realistic device optical and electrical responses. The model is
validated using measurements of our ISFH-certified solar cell.
We implemented the FELA at every node point of the virtual
device representation mesh of the Sentaurus Technology com-
puter-aided design (TCAD) device model of the SHJ solar cell.
We showed that such a model, coupled with FELA, provides
detailed current and power density loss mechanisms. It enables
us to identify which layers and which loss mechanism contribute
significantly. We limited the scope of this manuscript. It presents
optimization strategies excluding a significant effect on the devi-
ce’s optical response. The model can also be expanded for SHJ-
based tandem solar cells. This work provides a basic understand-
ing of pathways and recommends an approach to designing effi-
cient SHJ solar cells by utilizing detailed bias-dependent current
and power density loss analysis.

2 | Free Energy Loss Analysis in SHJ

Photogenerated electron–hole pairs in a single bandgap absorber
material lose the energy of the absorbed photons due to thermali-
zation and entropy-related losses. Therefore, only the available free
energy can be extracted as electrical energy at the terminal, even in
an ideal, lossless conventional device design. In practice, however,
the charge carriers must be dissociated, separated, and transported
to the corresponding electrodes that connect to the load. The pro-
cess of transporting will encounter carrier transport loss as joule
heat. Furthermore, the carriers will face different material proper-
ties, such as recombination centers, at the bulk and interface

regions. One can use the so-called FELA to quantify these losses.
FELA is a technique derived and introduced by Brendel et al. [8, 9].
It helps to express losses associated with fundamental processes in
terms of energy rate per cell area in units of mWcm− 2. The energy
rate losses due to carrier recombination and transport are expressed
in mWcm− 2 and can be directly compared to the total input power
density of the AM1.5g spectrum. In the scope of this work, the total
input power density integrated over the wavelengths of the AM1.5g
spectrum is 100 mWcm− 2.

Here, FELA is implemented on the electro-optical model of the
solar cells. The relevant quantities are directly calculated at each
positional mesh point in the 2D virtual representation of the solar
cell device. These quantities are presented as follows. The theo-
retical maximum power density remaining in an ideal device
after thermalization and optical losses can be calculated as the
integration of the product of the optical generation rate with
the local bandgap (EG) of the materials in the device,

PEG
=

1
Acell

Z
G rð Þ ∗ EC rð Þ−EVðrÞð ÞdV (1)

where PEG
represents the optically limited ideal power density in

an ideal device after accounting for optical and thermalization
losses. GðrÞ is the photogeneration rate in cm− 3s− 1, at a position
r in the device, and Acell is solar cell area or the electro-optically
modeled area of the device. ECðrÞ and EVðrÞ are the bottom and
upper edge energy levels of the conduction and valence bands,
respectively, at a position r. The ideal free power density output
of a solar cell device (Peh) can be calculated as the integration of
the product of the optical generation rate and the associated local
electrochemical potential energy of the electron–hole pairs or the
quasi-Fermi level splitting (ΔEF), i.e.,

Peh =
1

Acell

Z
G rð Þ ∗ EehðrÞdV =

1
Acell

Z
G rð Þ

∗ ðEFnðrÞ−EFpðrÞÞdV
(2)

where Eeh is the electrochemical potential energy, in eV, of the
generated electron–hole pairs (Eeh =ΔEF =EFn −EFp). However,

the free energy can’t be fully extracted in real devices. There are
losses associated with fundamental processes in real devices. The
losses include the recombination of generated electron–hole
pairs in the bulk and at the surfaces, as well as power loss
due to carrier transport. The recombination losses in the bulk
regions are quantified in terms of power density loss as follows

PR =
1

Acell

Z
R rð Þ ∗ EehðrÞdV =

1
Acell

Z
R rð Þ

∗ ðEFnðrÞ−EFpðrÞÞdV
(3)

where RðrÞ is the recombination rate, in cm− 3s− 1, of the photo-
generated electron–hole pairs at a position r in the device and PR

is the power density loss due to recombination rate RðrÞ. The
bulk recombination processes include Shockley–Read-Hall
(SRH), radiative, and Auger recombination. Hence, the power

density loss PRad
R , PAug

R , PSRH
R or PTotal

R are calculated by replacing
the recombination rate RðrÞ with RRadðrÞ, RAugðrÞ, RSRHðrÞ, and
RTotðrÞ, respectively, for individual recombination processes and

FIGURE 1 | The shaded areas represent the actual spectral irradiance

outside the atmosphere AM0 (black) [1], the terrestrial global standard

spectrum AM1.5g (green) [1], and the spectrum absorbed by our

ISFH-certified SHJ cell with a 24.5% efficiency [2] (presented

in Sections 3 and 4). The broken lines represent black body irradiance

in Wm−2nm−1 outside the earth’s atmosphere, calculated according to

Kirchhoff’s law of radiation for different black body temperature assump-

tions of the sun [3].
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their total. Surface recombination losses can be represented by a
surface recombination current density. Considering the surface
as a sinking plane for the electron–hole pairs, it can be assumed
by the minimum of the electron or hole current density of the
sinking carriers via surface

PSurf
R = Jmin

surf ∗
EehðrsÞ

q
= Jmin

surf ∗
EFnðrsÞ−EFpðrsÞ

q
(4)

where q is the elementary charge, rs indicates the position of the
surface, PSurf

R power density loss at the surface via surface recom-
bination, and Jmin

surf is the current density of the minority carrier at
that specific contact side. Electrons are minority carriers at the
HSC, and holes are minority carriers at the ESC of a solar cell.

The carrier transport-related power density loss for carriers
driven by the electrochemical gradient can be quantified
for either carrier type as an integration of the square of local
carrier current density divided by the corresponding carrier type
conductivity

Pe,h
t =

1
Acell

Z jJe,h rð Þj2
σe,hðrÞ

dV (5)

where Pe
t or P

h
t are power density loss related to electron or hole

transport, respectively. JeðrÞ or JhðrÞ are the electron or hole,
respectively, current density at a position r. σeðrÞ= qnðrÞμeðrÞ
and σhðrÞ= qpðrÞμhðrÞ are the electron and hole conductivities,
respectively, at a position r. μeðrÞ and μhðrÞ are electron and hole
mobilities, respectively.

3 | Electro-Optical Model of SHJ Solar Cell

The schematic depiction of a typical SHJ solar cell, as used in this
work, is shown in Figure 2. A multiscale device model of SHJ
cells is developed using Sentaurus TCAD. A similar approach
was used in our previous work [10]. Here, the physical device
equations governing the operation of a solar cell, a set of differ-
ential equations, are numerically solved for a finite-element
mesh-based virtual representation of the physical device. The
optical response of the solar cell is simulated using ray tracing
in the thick crystalline silicon layer, coupled with the transfer

matrix method for the contact thin films. For these, the optical
properties of most materials are obtained from spectroscopic
ellipsometer measurements, while some are taken from the
literature [11, 12]. Afterward, the resulting optical generation
profile from the optical simulation is used for a subsequent
electrical simulation. The generation profile is adapted from
the 3D optical simulation to be used in the 2D simulation win-
dow, with a half-pitch size of the front metalization contact of
the mono-facial solar cell. The finger pitch represents the
separation distance between consecutive fingers. The physics
of charge-carrier dynamics, including dissociation and collection
of the generated electron–hole pairs, is modeled based on the
so-called drift-diffusion model. Furthermore, the carrier
dynamics in the defective a-Si:H layers are implemented as in
SentaurusTCAD [13]. The FELA equations, Equations (1) – (5),
are implemented directly at each node in the virtual representa-
tion mesh of the physical device.

The device model approach described above is employed to
model the SHJ solar cell, which has an ISFH-certified efficiency
of 24.5% [2]. The basic input parameters and specific property
models used for the SHJ solar cell electro-optical device model
are given in Table 1. A 3D optical simulation is performed within
a 10 μm × 10 μm simulation window, featuring a randomized
front and back textured surface with a perfect reflection bound-
ary condition. The external quantum efficiency (EQE(λ)) is
calculated from the contribution of the modeled absorption in
the crystalline silicon and 30% of the absorption in the a-Si (i)
layer. Furthermore, a 3.5% shading loss is accounted for due
to the shading effect of the front metalization. At the rear
side, full metalization is assumed. We employed a genetic
algorithm-based optical fitting of the measured EQE(λ) for the
ESC layers [10]. The fitting thicknesses found are 100 nm of mag-
nesium fluoride (MgF2) antireflection coating (ARC) on top of
the layers’ thicknesses given in Table 1. The calculated
EQE(λ) closely matches the measured EQE(λ), as shown in
Figure 3b. The estimated short-circuit current density (JSC)
agrees with the measured value of ~39.5 mAcm− 2. Note that
a 70 nm MgF2 layer is considered at the rear side, between the
indium tin oxide (ITO) and silver (Ag) [2]. The MgF2 layers at
the front and rear sides are assumed to have only an optical
impact and are considered only in the optical model of the solar
cell. Trap state distributions in the hydrogenated a-Si:H layers
and interfaces used in this work, as shown in Table 1, are adapted
from the literature. The front and rear side a-Si:H (i) layers, as
well as the c-Si/a-Si:H (i) interfaces, are assumed to have identi-
cal properties for brevity. In this assumption, the identical
properties on both sides represent the average effect of the exper-
imentally nonidentical properties of the two sides. The active
dopant concentrations of the doped layers are given in
Table 1. A spatially uniform doping and trap state distribution
profiles are considered for the respective layers and materials.
A 1.0 mΩcm− 2 contact resistivity is used for both front and back
ITO/Ag metal contacts. On the sides, ideal Neumann boundary
condition is considered as the default noncontact boundary con-
dition in Sentaurus TCAD [13]. The device model assumes a
perfectly conductive metal. The model is validated to agree with
the measured current density versus bias voltage JðVÞ result, as
shown in Figure 3b. The slight deviation between the simulation
and measurement around the bias voltage of 700mV may relate

FIGURE 2 | A 3D schematic depiction of a SHJ solar cell of n-type c-Si

absorber layer with electron selective contact (ESC) and hole selective

contact (HSC) as layer stacks of hydrogenated amorphous silicon

(a-Si:H) and transparent conductive oxide (TCO).
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to the parametrization of Auger recombination [14, 24, 25]. It is
the dominant recombination mechanism for the bias voltage
range above the maximum power point (MPP) of 645 mV,

discussed in Sections 3 and 4. The conventional solar cell per-
formance parameters from the TCAD model simulation (mea-
surement) are JSC of 39.5 mAcm− 2 (39.5 mAcm− 2), open-circuit

TABLE 1 | Summary of basic input, a-Si:Hmaterials trap states, and interface parameters used for simulations of the SHJ solar cell in this work [2].

Optical input

Solar spectrum AM1.5g

Generation profile 3D optical simulation of the device using Sentaurus TCAD

Front metal contact

Pitch 1600 μm

Finger width 40 μm

c-Si

Free carrier statistics Fermi–Dirac

Temperature 300 K

Auger and radiative recombination Richter et al. [14], Nguyen et al. [15]

Intrinsic carrier density Altermatt et al. [16] ( 9.65 × 109 cm−3 at T= 300 K)

Wafer resistivity 1.0 Ωcm, n-type/ ND= 4.945 × 1015 cm−3

Mobility Klaassen [17]

Bulk SRH lifetime 20 ms

Thickness 135 μm

SHJ side contact a-Si:H (n) front|back a-Si:H (i) a-Si:H (p) front|back ITO

Thickness [nm] 1.7 4.3|6 13 62

Band gap [eV]
a

1.7 1.7 1.7 3.7

Electron affinity [eV]
a

3.9 3.9 3.9 4.9

Dielectric constant
a

11.7 11.7 11.7 4.7

Electron/hole mobility [cm2V−1s−1] 0.75/0.15 0.6/0.12 0.75/0.15 28

Barrier tunneling mass (Electron/hole) [m/m0]
b

— 0.1/0.1 [18] 0.1/0.1 [18] 0.1/0.1 [18]

Active dopant conc. [cm−3] 2.0 × 1020 – 9.5 × 1019 1.5 × 1020

Effective DOS (NC/NV) [cm
−3]

a

(2.0/2.0) × 1020 (2.0/2.0) × 1020 (2.0/2.0) × 1020 (0.4/1.7) × 1019

Materials defects
c

a-Si:H (n) a-Si:H (i) a-Si:H (p)

Urbach energy (VB/CB tails) (eV) 0.094/0.068 0.05/0.035 0.12/0.08

Urbach tail pre-factor (cm−3eV−1) 2 × 1021 1.88 × 1021 2 × 1021

Urbach tail e/h capture cross section (cm2) 7 × 10−16/7 × 10−16 7 × 10−16/7 × 10−16 7 × 10−16/7 × 10−16

Gaussian peak defect density (cm−3eV−1) 1.31 × 1020 1.38 × 1016 1.31 × 1020

Gaussian donor/acceptor standard deviation (eV) 0.21 0.21 0.21

Gaussian donor/acceptor peak position from VB (eV) 0.5/0.6 0.89/1.09 1.1/1.2

Gaussian donor e/h capture cross section (cm2) 3 × 10−14/3 × 10−15 3 × 10−14/3 × 10−15 3 × 10−14/3 × 10−15

Gaussian acceptor e/h capture cross section (cm2) 3 × 10−15/3 × 10−14 3 × 10−15/3 × 10−14 3 × 10−15/3 × 10−14

Interface defects
d

a-Si:H (i)/ c-Si (n)

Uniform interface defect density (cm−2eV−1) 3 × 109

Donor defect states energetic distribution from VB (eV) [0.06–0.56]

Acceptor defect states energetic distribution from VB (eV) [0.56–1.06]

Donor capture cross section (e/h) (cm2) 10−14/10−14

Acceptor capture cross section (e/h) (cm2) 10−14/10−14

a[19].
bm0 is electron rest mass.
cAdapted from [19–23].
dAdapted from [21].
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voltage (VOC) of 741mV (742mV), FF of 83.7% (83.6%), and PCE
of 24.5% (24.5%).

The losses that hamper the solar cell device’s efficiency are
diverse and multi-type. These include optical losses, recom-
bination losses due to defects or otherwise, carrier transport-
related losses, and other fundamental losses. The fundamental
thermodynamic losses are thermalization loss and entropy
generation [26]. In the following, we attempt to present most of
these losses in order, starting from optical losses, in terms of cur-
rent density and power density within the scope of this work.

4 | Current Density Losses

An efficient solar cell absorbs most of the incident photon flux of
the standard AM1.5g spectral irradiance to generate electron–hole
pairs in its active layer. The remaining photon flux is lost through
reflection or parasitic absorption. The absorption in layers that may
generate short-lived electron–hole pairs can’t be separated and col-
lected. These losses are called optical losses. We consider optical
losses to be independent of the solar cell’s bias voltage. The bias
voltage determines the relationship between the extracted output
current density and the carrier concentration in the active layer.
A high carrier concentration in the active material results in a high
rate of carrier loss due to both bulk and surface recombination. A
detailed dependence of the different recombination mechanisms on
carrier concentration can be found elsewhere [3, 14–16, 25, 27, 28].
The models and parameters used in this work are given in
Table 1. The optical and recombination losses are detailed below.

4.1 | Optical Losses

The optical losses are presented in Figure 4 for the modeled ISFH-
certified SHJ cell, which features an Ag back reflector, a 100 nm
MgF2 antireflection coating, and a 70 nm MgF2 interlayer between
ITO and Ag, as reported by Duan et al. [2]. One can see that, within
the wavelength range of 0.3−1.2 μm, the most significant optical
loss of 3.59 mAcm−2 is due to reflection. Secondly, the front and
rear side ITO absorb almost 1.7 mAcm−2 in total. We also lose

via parasitic absorption in the doped a-Si:H layer and from partial
absorption loss in the intrinsic a-Si:H layers. Almost all the current
loss in a-Si layers comes from the front side layers rather than the
rear side. It is because a significant portion of the light intensity for
most of the spectrum, up to the near-infrared regime, is absorbed
either at the front contact layers or within a few micrometers of the
active layer (c-Si (n)). The a-Si:H layers exhibit insignificant absorp-
tion in the near-IR and IR regions of the spectrum. Instead, the rear-
side ITO and Ag back reflector absorb some portion of the photon
flux corresponding to these longer-wavelength spectra. The remain-
ing intensity will either be absorbed mainly within the wafer
through multiple back-and-forth light travels or be lost as reflection
through the front contact.

4.2 | Recombination Losses

For c-Si-based solar cells, absorption of light with wavelengths
above 1.2 μm is negligible. Hence, assuming a unity quantum

FIGURE 3 | Comparison of experimental measurement [2] and TCADmodel (a) EQE(λ) and (b) current density versus bias voltage J(V ) of FBC-SHJ

solar cell. A 3.5% shading loss is accounted for the shading effect of front metalization. A summary of the main input parameters used for the TCAD

model is given in Table 1. Additionally, the ISFH-certified SHJ solar cell features a ~100 nm MgF2 antireflection coating (ARC) and a 70 nm MgF2 layer

positioned between ITO and Ag back reflector on the rear side [2].

FIGURE 4 | EQE measurement vs. simulation and current losses of

SHJ cell. 3.5% shading loss accounts for the shading effect of front metal-

ization, and 30% of photons absorbed on the front side a-Si:H (i) is

assumed to contribute to the EQE of the cell.
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yield and a spectral power density according to AM1.5g, the total
possible photocurrent density available is 46.3 mAcm−2. This
would only be achieved if all incident photons are absorbed, cre-
ating a corresponding electron–hole pair. As discussed above,
more than 6 mAcm−2 of the incoming light is lost due to reflec-
tion or parasitic absorption. These optical losses are not signifi-
cantly dependent on the bias voltage; therefore, assuming them
to be constant during JðVÞ measurements or simulations is
justified. With this assumption, we could model detailed losses
by decoupling the optical and electrical aspects of the electro-
optical device. However, the current losses due to recombination
depend on the bias voltage, as discussed above. In Figure 5,
current losses are given as a function of the bias voltage. At a
short-circuit condition, the output current density is almost iden-
tical to the expected photocurrent after the optical losses, except
for a small amount of surface recombination loss. However, as
the bias voltage increases, the carrier density, especially for
the minority charge carriers, increases, resulting in a larger
quasi-Fermi level splitting and higher recombination loss rate.
At an open-circuit condition, all the photocurrent generated
from absorption in the active layers will be lost due to recombi-
nation. The dominant recombination type is Auger recombina-
tion; hence, the open-circuit voltage of the SHJ solar cell modeled
here is limited by Auger recombination.

5 | Electro-Optical Detailed Free Energy Losses of
SHJ Solar Cell

As discussed in Section 2, FELA is a technique that helps to
express losses associated with fundamental processes of
device operation in terms of energy rate per cell area in units
of mWcm− 2 [9–30, 26, 29–31]. In this work, the total input power
density integrated over the wavelength of the AM1.5g spectrum is
calculated to be 100 mWcm− 2. The bias voltage-dependent free
energy losses, calculated from a Sentaurus TCAD electro-optical
model simulation of our SHJ solar cell, are shown in Figure 6.

As shown in Figure 6, the primary free energy loss for bias
voltages below ~630mV is attributed to hole (minority charge
carrier) transport to the rear-side contact. Most of the optical
absorption occurs within a few micrometers of the wafer’s sur-
face. Hence, the resulting electron–hole pairs are generated near

the wafer’s front surface. The holes will have to travel through
the wafer accompanied by ohmic loss in the wafer. Afterward,
the holes face the valence band offset at the c-Si/a-Si:H (i) inter-
face and must travel toward the a-Si:H (p)/ITO interface. The
transport involves both conventional valence band transport
in thin layers of a-Si:H (i, p) and transport via trap-assisted
and band-to-band tunneling. Through band-to-band tunneling,
the holes recombine at the a-Si:H (p)/ITO interface with an equal
number of electrons from the TCO/Ag contact. These processes
of hole transport and collection are performed by paying off part
of the free energy as a loss. The total hole transport-related free
energy current loss is shown in the blue area in Figure 6, while in
Figure 7b, the total energy current loss is decomposed to the hole
transport-related energy loss at each layer. For a low bias voltage,
the hole transport-related free energy loss in the wafer makes the
dominant contribution, followed by the loss in the intrinsic a-Si:
H layer on the rear side. For bias voltages above 600mV, how-
ever, the hole transport-related energy loss in the wafer decreases
and becomes almost insignificant, as shown in Figure 7b.

The hole transport-related energy loss at the rear side intrinsic
a-Si:H is dominant at higher voltage. The free energy loss related
to electron transport has a minimal contribution compared
to hole transport. Here, it is apparent that the main carrier
transport-related free energy loss comes from the wafer in low
bias voltage region and significant contribution from the rear side
a-Si:H layers near VOC, see Figure 7a. In fact, near a short-circuit
condition, the free energy loss is primarily a minority carrier
transport-related power density loss in the wafer. At 0.0 V bias,
we can visualize holes moving down, with respect to the hole
energy axis, along the electrochemical energy gradient before
recombining with electrons from the opposite contact at the same
energy level. The recombination of the extracted electrons and

FIGURE 5 | Current density vs. voltage for the SHJ solar cell and

equivalent current densities for different types of current loss.

FIGURE 6 | FELA at different bias voltages for the SHJ solar cell. The

free energy rate losses versus bias voltage are calculated using the device

model of the SHJ solar cell, as presented in Figure 3. Pe
t andP

h
t stand for

power density losses related to electron and hole transport, respectively,

including at ITO/Metal contacts. PRad
R , PAug

R , PSRH
R , and PSurf

R stand for

power density loss due to radiative, Auger, SRH, and total surface recom-

bination, respectively. The broken orange lines represent the theoretical

power densities. Peh is power density corresponding to the free electro-

chemical potential energy of the electron–hole pairs. PEG
is power density

of theoretically available energy after thermal relaxation and optical

losses. The difference between the two orange lines shows other (entropy

related) losses.
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holes at the external circuit has no potential electrochemical
energy left for conversion to perform output work. At MPP,
the power density loss at the rear a-Si:H significantly degrades
the solar cell’s performance. Hole transport-related power den-
sity loss amounts to ~3.4% of the total power density correspond-
ing to the available free energy at the MPP. It also corresponds to
a FF loss of ~3.8% of the current FF, which is an absolute loss of
~3.2% in FF. There is approximately a 3.6% absolute loss in FF
if we include electron transport-related losses. This value puts
in an ideal scenario FF beyond 87%. The detailed power density
losses and power output at a bias voltage corresponding to
the MPP are presented in Figure 8 as a pie chart and a bar
chart. Insignificant loss mechanisms are ignored in the charts.
A resistive loss of 1.5 μWcm−2 (0.06% of the total loss) is calcu-
lated for rear side TCO/Ag contact. Note that full metalization is
assumed on the rear side.

In Figure 6, two broken orange lines are added, as defined in
Section 2. The top one does not exclude the entropy-related loss.
This line has a voltage bias independent value of around
45.8mWcm− 2. It is the value of the theoretical, potentially
available, remaining energy of the photogenerated electrons in
the conduction band and holes in the valence band after thermal
relaxation for absorbed photon energies above the bandgap, as
shown in Equation (1) . However, a significant amount of power

density is lost by entropy creation [9, 26, 32, 33]. The second
orange line is the available free electrochemical potential
energy density per second. As one can see, this value is below
30mWcm− 2 for our cell and will reach around 30mWcm− 2 at
VOC. Here, it can be explained by a lower entropy creation
near VOC as compared to the case of low bias voltage with low
concentration of free carriers in the device. Brendel et al. and
others explain this relation by stating that a high carrier
concentration corresponds to a small entropy per charge carrier
particle [9, 34]. Hence, entropy will increase when the device’s
steady-state free carrier concentration decreases via extraction
or recombination. From our device performance perspective,
however, it has little consequence since all the free energy is lost
at VOC within the device, as shown in Figure 6. Nonetheless, it
suggests that MPP must be shifted toward VOC which is the idea
captured by the FF as a conventional solar cell performance
parameter. Note that near short-circuit conditions, as shown in
Figure 6 and other similar plots, the summation of the individual
losses may overestimate the power density of available free elec-
trochemical potential energy rate density. We attribute the devia-
tion to numerical inaccuracy due to the high current density and
small, non-uniform quasi-Fermi level splitting in the implemented
equation of the device model with a finite mesh size. This could
be true, particularly for transport-related loss calculations in
Equation (5), which includes a squared current density term.

FIGURE 7 | Carrier, (a) electrons, and (b) holes, transport-related power density loss in mWcm− 2; Sentaurus TCAD device simulation of SHJ solar

cell discussed above. Pe
t andP

h
t stand for the power density losses related to electron and hole transport in the device, respectively.

FIGURE 8 | Detailed free energy breakdown of the dominant processes in the SHJ solar cell at MPP.
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6 | Strategy and Pathways for Device
Optimization

Every aspect of the electro-optical mechanisms of solar cell devi-
ces is coupled. Optimization of a single aspect of the device can
have an adverse effect on other aspects of the solar cell device.
For example, improving surface recombination can increase car-
rier concentrations at MPP in the active layer, thereby affecting
other carrier-dependent processes. It will increase the free
energy, or Fermi-level splitting, and bulk recombination, as
shown in Figure 9. Hence, the net effect of improving the wafer
surface is a tradeoff between the consequences of these coupled
effects. Figure 9 shows the impact of a-Si (i)/c-Si (n) interface
defect density on the solar cell power density output and detailed
power density losses at the MPP. Similar to the discussion in the
previous section, the orange line at the top represents the theo-
retical power density after accounting for optical and thermali-
zation losses. The second orange line is the power density
corresponding to the total extractable free energy. For the defect
density change from 1012 to 109 cm−2eV−1, the surface recombi-
nation loss was reduced by �3.7mWcm− 2. As discussed above,
the improvement of surface recombination also enhances
the electrochemical energy of electron–hole pairs in the active
material. As a result, the device will have a better total power
density of extractable free energy. It has changed from 24.4 to
27.2 mWcm−2 for interface defect density ðDitÞ change from
1012 to 109 cm−2eV−1. These values correspond to an MPP shift
from 505.14 to 645.07 mV. Similarly, the hole transport-related
power density loss was reduced from 3.1 to 0.9 mWcm−2. We
observe similar trends and very similar values for these bias vol-
tages in the detailed bias-dependent FELA of the solar cell
with Dit = 109 cm− 2eV− 1, as shown in Figure 6. Note that for
Dit = 1012cm− 2eV− 1, a significant amount of free energy power
density loss is shifted from hole transport-related loss to surface
recombination, even for low bias voltage.

The �3.7mWcm− 2, reduction in surface recombination for
Dit change from 1012 to 109 cm−2eV−1, gets redistributed to the

output power density and other recombination loss mechanisms.
The output power density improved from 16.8 to 24.6 mWcm−2.
The Auger recombination increased from an almost insignificant
loss to a loss of around 0.54 mWcm−2. Similarly, the other bulk
recombinations also increased, although not to the same extent
as Auger recombination. The discussed quantitative changes are
illustrated in the line plots in Figure 9b.

For Dit of a-Si (i)/c-Si (n) close to zero, the output power density
gets to a value around 24.7mWcm− 2. It shows that only a maxi-
mum of around 0.2 mWcm− 2 can be regained for the solar cell
discussed in this work, as shown in Figure 6, through improved
chemical passivation of the wafer surfaces. Based on the insights
gained from the detailed bias-dependent power density losses
shown in Figures 6–8, we can regain a considerable power den-
sity. It can be regained by improving the hole conductivity (σp) at

the rear side a-Si:H layers and by decreasing the majority free
carrier concentration of the active layer. The latter, lower active
dopant concentration on c-Si (n), will limit Auger recombination.
These can be seen in Figure 10a,b. Assuming a 30 times larger
conductivity value of the rear-side a-Si:H layers compared to the
solar cell studied in this work, we calculated a power conversion
efficiency enhanced to ~25.4%. It aligns with similar trends
reported in the literature [5, 35]. Figure 10a depicts the detailed
bias-dependent power density losses. The MPP is shifted by
around ~15mV, from ~645 to ~660mV. At the same bias voltage
of ~645mV, the high conductivity of a-Si:H contact layers
enables fast carrier extraction, which minimizes the steady-state
carrier concentration in the active layer. It implies a reduced
quasi-Fermi level splitting (reduced electrochemical energy of
electron–hole pairs). Hence, the available power density (Peh)
of free energy is reduced, see Figure 10a as compared to
Figure 6. The bulk and surface recombination losses also
decreased slightly, which is noticeable for Auger and surface
recombination. The power density gain from hole transport-
related power density loss can be assumed to be shifting the
MPP by a certain number of millivolts (mV) toward the VOC.
The maximum possible shift in MPP can be calculated as

FIGURE 9 | (a) Stacked area plot of detailed power density losses and extracted power density of SHJ solar cells at MPP as a function of a-Si (i)/c-Si

(n) interface defect density (Dit); (b) line plot showing detailed changes in power density losses for Dit change from 109 to 1012 cm−2eV−1. Pe
t andP

h
t stand

for power density losses related to electron and hole transport, respectively, including at ITO/Ag contacts. PRad
R , PAug

R , PSRH
R & PSurf

R stand for power density

loss due to radiative, Auger, SRH, and total surface recombination, respectively. Peh is power density corresponding to the free electrochemical potential

energy of the electron–hole pairs. PEG
is power density of theoretically available energy after thermal relaxation and optical losses. The difference

between the two orange lines shows other (entropy related) losses.
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ΔVMPP =
Power DensityGain

q∗Jph
by assuming a uniform change in quasi-

Fermi level splitting over the volume of the active layer; see
Equation (2). Jph represents the photogenerated current density.
In Figure 10b, a further improvement of the device can be seen by
decreasing the active dopant concentration (ND) of c-Si (n). An
order of magnitude lower active dopant concentration yields a
power conversion efficiency of ~25.5%. The improvement primar-
ily stems from the reduction in Auger recombination, as shown
in Figure 10b.

The conductivity of semiconductor material is a product of
carrier mobility and free carrier density. High-quality a-Si:H with
low defect density improves free carrier density. The hole con-
ductivity of a-Si:H layers can be improved by reducing the defect
state density, enhancing the doping density, and improving the
carrier mobility of the amorphous materials. In Figure 10, the
impact of improved conductivity is calculated by enhancing
the carrier mobility. A very high active dopant concentration
in the a-Si:H (p) can also improve power conversion efficiency
by enhancing carrier transport at the HSC, including at the
a-Si:H (p)/ITO interface. Note that the thin intrinsic a-Si:H
(i) at the wafer interface is essential since a direct deposition
of doped a-Si:H on c-Si can lead to degraded a-Si:H/c-Si interface
properties [36, 37–38]. Increasing free charge carrier concentra-
tion in p-type-doped a-Si:H layer shifts the quasi-Fermi potential
of holes in the a-Si:H layers of the HSC layerstack. As a result, the
activation energy of a-Si:H (p) and the adjacent intrinsic a-Si:H
passivating layer decreases. Hence, it enhances the band bending
effect at c-Si (n)/HSC and the hole conductivity of these a-Si:H
layers. Furthermore, it modulates the band alignment at the
interface a-Si:H (p)/ITO, dictating the band-to-band carrier
transport [10, 19].

Figure 11 shows the impact of improvement steps of increasing
mobility of a-Si:H silicon, decreasing free majority carrier in c-Si,
and increasing active free carrier concentration in doped a-Si:H

layers. The latter also enhances surface recombination through
field-effect passivation, as shown in Figure 11a. It results in a
~4mV increase in VOC and power conversion efficiency of
~25.9%. Figure 11a compares the power density change in the
25.9% efficiency solar cell to our solar cell. The free energy losses
are represented by the gap between the blue color for the
improved cell and the black color for our cell. Note that the
improved solar cell has a lower available free energy in the device
for bias voltage below VOC. It shows that with a proper advanced
design, one need to improve the available energy while reducing
the free energy losses for a high-efficiency solar cell. It involves
redesigning a multitude of aspects of the solar cell. Optical
improvement is essential to push our cell’s JSC beyond
40 mAcm−2 and power conversion efficiency beyond 26%. The
optical losses from reflection and parasitic absorption, shown
in Figure 4, are too high and demand optimization. Recent
reports indicate that achieving close to 27% efficiency and
surpassing it requires minimal shading loss due to metal contact,
transparent window layers, and replacing a-Si layers with mate-
rials of better properties, such as n-nc-SiOX:H and nc-Si:H [5, 39].
Lin et al. show that using a highly crystalline nc-Si:H (p), which
has four orders of magnitude higher conductivity instead of the
conventional a-Si:H (p), enabled the previous record PCE,
26.81%, cell [5]. As stated above, a highly conductive p-type
doped layer modulates the conductivity of the adjacent intrinsic
thin layer favorably in the HSC of an SHJ solar cell [5, 40].

From the discussion so far, device optimization demands a syn-
ergetic improvement of the individual loss mechanisms. The
detailed bias-dependent losses presented in this work can be used
as a good insight into designing a synergetic performance
improvement for solar cells. Note that, however, the FELA equa-
tions, Equations (1) –( (5) ), depict the free energy losses due to
each corresponding loss mechanism despite these processes
being coupled to each other and other mechanisms in the device.
Hence, while we can say, with high certainty, how much power

FIGURE 10 | (a) Detailed bias-dependent power density losses of an improved solar cell with a thirtyfold enhancedmobility of the a-Si:H layers at the

rear side. (b) Comparison of output power density and power density loss due to Auger recombination for an improved a-Si:H layers mobility and active

dopant concentration of the c-Si (n). Pout stands for output power density of the device. Pe
t and Ph

t stand for power density losses related to electron and

hole transport, respectively, including at ITO/Ag contacts. PRad
R , PAug

R , PSRH
R , and PSurf

R stand for power density loss due to radiative, Auger, SRH, and total

surface recombination, respectively. Peh is power density corresponding to the free electrochemical potential energy of the electron–hole pairs. PEG
is

power density of theoretically available energy after thermal relaxation and optical losses. The difference between the two orange lines shows other

(entropy related) losses.
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density is lost due to each loss mechanism, we cannot know if all
the losses can be recovered when each mechanism is improved.
To validate how improving each mechanism can enhance
the overall performance, one might need to compare the perfor-
mance before and after the improvement. The so-called
Synergistic Efficiency Gain Analysis (SEGA) is based on this idea
[41, 42]. The SEGA approach is resource and time-demanding to
implement with our electro-optical device model in every situa-
tion. The number of needed simulations can be reduced signifi-
cantly by using a suitable optimization algorithm. We suggest a
similar idea coupled with an optimization algorithm, such as a
genetic algorithm (GA) [10]. The performance gain will be
quantified only for a selected few sets of parameters during
each evolution step of the electro-optical device optimization
implementation via a GA or other suitable optimization algo-
rithms. It can enable a SHJ-based solar cell redesign with a
PCE pushed close to the practical limit of a silicon single-junction
solar cell [39, 43, 44].

7 | Conclusion

A device model was developed as a virtual representation of a
SHJ solar cell, showing a good agreement with experimental
measurements. Our model estimated a prominent optical loss
of 3.59 mAcm−2, followed by a parasitic absorption of almost
1.7 mAcm−2 in the ITO layers at the front and rear sides.
A bias-dependent detailed loss analysis was performed to get
insight into the current and power density losses of free energy
of photogenerated electron–hole pairs. For this, FELAwas imple-
mented on the electro-optical model of the solar cell. The bias-
dependent loss analysis showed the breakdown of the free energy
for the generated electron–hole pairs in the device at different
operating conditions. At lower bias voltages, near short-circuit
current conditions, most of the free energy was lost as hole trans-
port related loss in the n-type active layer of c-Si. However, near
VOC, the free energy is lost through carrier recombination,
mainly via Auger recombination. At MPP, the dominant power
density loss �0.92mWcm− 2 was due to hole transport related

loss. It is primarily at the rear side a-Si:H layer. The remaining losses
were approximately 0.67, 0.54, 0.20, 0.12, and 0.11 mWcm−2 for
surface, Auger, SRH, radiative recombinations, and electron trans-
port related loss, respectively. The detailed bias-dependent free
energy loss investigation suggested that the optimization of the front
and back contacted monofacial SHJ solar cell considered for this
work could be improved significantly by enhancing the conductivity
of the rear side passivation layer and lowering the wafer’s doping
density. Our simulation confirms a power conversion efficiency of
close to 26% by pursuing the suggestions. We recommend SEGA
coupled with a suitable algorithm-based optimization, such as a
GA, to exploit insights that can be gained from bias-dependent
detailed loss analysis. This can be a computationally affordable
technique to design an efficient device based on tweaking the
important details of the device.
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